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Abstract
Despite the fact that the laser cooling method is a well-established technique to obtain ultra-cold
neutral atoms and atomic cations, it has so far never been applied to atomic anions due to the
lack of suitable electric-dipole transitions. Efforts of more than a decade currently have La− as the
only promising candidate for laser cooling. Our previous work [Tang et al., Phys. Rev. Lett. 123,
203002(2019)] showed that Th− is also a potential candidate. Here we report on a combination
of experimental and theoretical studies to determine the relevant transition frequencies, transition
rates, and branching ratios in Th−. The resonant frequency of the laser cooling transition is
determined to be ν/c = 4118.0(10) cm−1. The transition rate is calculated as A = 1.17× 104 s−1.
The branching fraction to dark states is very small, 1.47 × 10−10, thus this represents an ideal
closed cycle for laser cooling. Since Th has zero nuclear spin, it is an excellent candidate to be
used to sympathetically cool antiprotons in a Penning trap.
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The achievement of Bose-Einstein condensation, precision spectroscopy, and tests of fun-
damental symmetries has opened a new chapter in atomic and molecular physics. The main
driving force behind this achievement is the ability to cool atoms and positive ions to µK
or even lower temperatures via laser cooling techniques. Although laser cooling is a well-
established technique for producing ultra-cold neutral atoms and positive ions, it has not
yet been achieved for negative ions. In principle, once we produce ultracold ensembles of
a specific anion system, we can use them to sympathetically cool any anions, ranging from
elementary particles to molecular anions, which will promote the research of cold plasma[1],
ultracold chemistry[2], and fundamental-physics tests[3–8]. In contrast to neutral atoms and
positive ions, which have an infinite number of bound states, negative ions have only a single
bound state in most cases. The reason is that in atomic anions, the excess electron is bound
mainly via polarization and correlation effects[9]. The potential experienced by this extra
electron is shallow and of short range, and can therefore usually not possess bound excited
states[9, 10]. There are a few exceptions to this rule with atomic anions having bound
excited states. It is even more rare that these bound states are of opposite parity[9, 11],
which can give rise to electric dipole (E1) transitions. As a matter of fact, there are so
far only three reported E1 observations in atomic anions, for Os−[11–15], Ce−[16, 17], and
La−[11, 18–20], where only La− is a promising candidate for laser cooling[20]. The frequency
and rate of the laser cooling transition was determined to be ν = 96.592 713(91) THz[19, 20]
and A = 4.90(50)×104 s−1[20], respectively. There are two major obstacles in using La− for
cooling. Firstly, the dark states involved in the cooling transition cycle 3F e2 ↔ 3Do1 give a
population of metastable states. As an example, during the period of laser cooling an ensem-
ble of La− ions from 100 K to Doppler temperature TD = 0.17 µK, roughly 40% of La− will
end up in the metastable state 3F e3 with a lifetime of 132 s[20]. Secondly, the nuclear spin of
139La− is 7/2, resulting in five hyperfine structure levels within the ground state 3F e2 of
139La−
(with F = 11/2, 9/2, 7/2, 5/2, 3/2), three for the excited state 3Do1 (with F = 9/2, 7/2, 5/2),
and seven for the metastable state 3F e3 (with F = 13/2, 11/2, 9/2, 7/2, 5/2, 3/2, 1/2). Since
several hyperfine levels involved in the cooling cycle are dark states, repumping laser beams
are required to close the transition cycle[19].
Recently, we pointed out that Th− is also a potential candidate for laser cooling based
on results from high-resolution photoelectron energy spectroscopy and highly accurate
theoretical calculations[21]. The electron affinity (EA) of Th− was determined to be
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4901.35(48) cm−1 or 0.607 690(60) eV. The transition for laser cooling was identified as
4F e3/2↔ 2So1/2 in Th− with a transition energy of 3904 cm−1, and a relatively fast tran-
sition rate of A = 1.17 × 104 s−1. Since the Th isotope 232 has zero nuclear spin and
therefore no hyperfine structure, it introduces much less potential complications for laser-
cooling than La−. This advantage is emphasized for sympathetically cooling antiprotons
via laser-cooled anions. Both La− and the molecular anion C−2 have been proposed as
two candidates[5, 13, 22], but in the roadmap towards producing cold antihydrogens, the
decelerated antiprotons are trapped and precooled in a Penning trap[7, 8], where a strong
magnetic field of a few Tesla is used to confine antiprotons. The simpler structure of energy
levels of Th− makes it possible to be laser cooled in this kind of traps. In a magnetic field,
the ground state 4F e3/2 and the excited state
2So1/2 are split up into four and two sublevels,
respectively, due to the Zeeman effects. This is in sharp contrast to the hyperfine affected
system of La−, which will become very complex in a magnetic field. The challenge of laser-
cooling molecular anions, such as C−2 , is to recycle vibrational and rotational branchings
of the cooling transition[5, 22]. Obviously, the laser cooling of Th− in a Penning trap is
more attractive than in a Paul trap because the precooled antiproton can be transferred
and trapped efficiently using the same magnetic field.
In this letter, we report the experimental observation of the bound-bound electrical dipole
transitions in Th− from the ground state 4F e3/2 to excited states
2So1/2,
4F o5/2, and
4Do1/2 by
the resonant two-photon detachment method. We experimentally determine the resonance
frequencies and obtain two-photon detachment photoelectron spectra at the resonant fre-
quencies. Based on the previous theoretical calculations, we further extend the search for
all possible bound states of Th−. Moreover, to address the question of to which degree the
cooling cycle is closed, all relevant branching ratios of transitions are deduced.
The experiment is conducted using our cryogenic slow electron velocity-mapping imaging
(cryo-SEVI) spectrometer[23–25], which is described in detail in earlier publications[26]. The
slow electron velocity-mapping imaging (SEVI) method has a high energy resolution for low-
kinetic-energy electrons. We have used this method to determine the electron affinity (EA) of
several transition elements[27–29], such as Re[30], Hf[31] and La[32]. Th− ions are produced
by laser sputtering on a pure thorium metal disk. Generated anions lose their kinetic energy
via collisions with the buffer gas and are trapped in a radio-frequency (RF) octupole ion
trap, which is mounted on a cryogenically cold head with a controlled temperature in the
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rang 5−300 K. In this experiment, the mixture of 20% H2 and 80% He is used as buffer gas,
which is delivered by a pulsed valve. Th− anions are stored in the trap for a period of 45 ms,
and the temperature is kept at 300 K. Under the experimental conditions, our experimental
results show that all excited Th− decay to the ground state. The trapped anions are then
extracted via pulsed potentials on the end caps of the ion trap and analyzed by a Wiley-
McLaren type time-of-flight (TOF) mass spectrometry[33]. Using a mass gate, we can select
Th− anions via a setting of m = 232. Next, a probing laser beam with an adjustable
wavelength intersects the ion beam orthogonally and photodetaches Th−. The emitted
electrons form a spherical shell and are projected onto a phosphor screen by the electric
field of the velocity-map imaging system[34]. Each bright spot fired by a photoelectron
on the phosphor screen is measured and its position is recorded with an event-counting
mode via a CCD camera. Since the probing laser beam is linearly polarized parallel to the
phosphor screen, the distribution of photoelectrons has cylindrical symmetry. Hence, the
3D photoelectron spherical shell can be reconstructed from the projected 2D distribution
without losing information. We use the maximum-entropy reconstruction method[35] to
reconstruct the distribution of photoelectrons. The corresponding binding energy (BE) of
the detachment channel is extracted from BE = hν −αr2, where hν is the photon energy, r
is the radius of the spherical shell, and α is a calibration coefficient, which can be determined
by changing hν.
To observe the E1 transitions in Th−, we have recently modified the imaging system of
the spectrometer, making it possible to switch from the standard SEVI mode to the scanning
mode. In the scanning mode, the phosphor screen is used as a charged particle detector. A
high-speed oscilloscope is connected to the phosphor screen to record both the photoelectron
signals and the residual Th− signals after photodetachment. Due to the smaller mass of the
photoelectrons, their arrival time is earlier than that of the Th− anions. Therefore, one
channel can be used to record both signals. Since the one-color laser is used both for
the resonant absorption and the photodetachment, it is possible to survey photon energies
from EA/2 to EA. When the laser frequency is at the resonance, Th− anions can absorb
one photon and reach an excited state. The excited Th− anions will then be detached by
absorbing another photon, leading to a signal of photoelectrons. When the laser wavelength
goes far from the resonance, two-photon detachment process cannot occur and there is no
photoelectron. To take into account the intensity fluctuation of the Th− anion beam, the
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FIG. 1. Survey scan showing three resonances (T1, T2, and T3) in the range from 4050 to
4900 cm−1.
ratio of the intensity of the photoelectron signal to that of Th− anion beam is plotted versus
the scanned wavelength. In both modes, the spectrometer runs at a 20-Hz repetition rate.
To investigate the resonance we use the idle light of an OPO laser (primoScan) pumped
by 355 nm, the third harmonic of the Nd:YAG (Quanta-Ray Lab 190). The idle light
ranges from 700 to 2700 nm with a linewidth of about 5 cm−1. Due to the limitation of the
absorption of water vapor in the air and the signal-to-noise ratio, we performed a rough scan
ranged from 4000 cm−1 to 4900 cm−1 with a step of 2 cm−1 to obtain an overall spectrum.
As shown in Figure 1, three strong resonances were observed, labeled T1, T2, and T3. The
full widths at half maximum (FWHM) of peaks are about 8 cm−1, mainly due to the broad
linewidth of the OPO laser.
To determine the resonant frequency as accurate as possible, we scan the observed reso-
nances with a step size of only 0.2 cm−1 using the infrared difference frequency generation
(DFG) system (Sirah). The infrared laser is produced by a nonlinear DFG effect between a
dye laser and a 1064 nm laser. The 1064 nm laser beam is the residual fundamental output
of the pump laser. The dye laser is pumped by 532 nm, the second harmonic output of the
Nd:YAG (Quanta-Ray Lab 190). Residual 1064 nm laser is mixed with the dye laser in a
nonlinear LiNbO3 crystal, producing infrared light with a frequency corresponding to the dif-
ference between the frequencies of the 1064 nm and the dye laser. The photon energies of the
dye laser and the 1064 nm pumping laser are measured by a wavelength meter (HighFinesse
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FIG. 2. Fine scans of the three resonances T1, T2, and T3. The solid lines indicated Gaussian
fitings. Peak centers, indicated by the dashes lines, are 4118.0 cm−1, 4592.6 cm−1, and 4618.1 cm−1,
respectively. Peak T1 is assigned to the laser cooling transition 4F e3/2↔ 2So1/2.
WS6-600) with an uncertainty of 0.02 cm−1. The linewidth of the dye laser is 0.06 cm−1,
and ∼ 1 cm−1 for the unseeded 1064 nm laser, leading to ∼ 1 cm−1 for the final difference-
frequency light. The acquired data of each peak are then fitted to a Gaussian function, as
shown in Figure 2. The flat top of peak T1 is due to the saturation of resonance absorption.
The resonance energies of T1, T2, and T3 are determined to be 4118.0 cm−1, 4592.6 cm−1
and 4618.1 cm−1, respectively, with FWHMs of 1.6 cm−1, 1.5 cm−1 and 1.4 cm−1, respec-
tively. The widths of the three peaks mainly come from the DFG laser linewidth of about
1 cm−1 and the power broadening. Other possible contributions, such as Doppler broaden-
ing, natural linewidth, are significantly smaller. The uncertainty of the resonance energy is
estimated to be 1.0 cm−1 (30 GHz).
To interpret the experimental results, we extended our calculations using the large-
scale multi-configuration Dirac-Hartree-Fock (MCDHF) method[36] as implemented in the
GRASP2K package[37]. Compared with our previous calculations[21], we further extend the
search for all possible bound states of Th− anion. Three more excited states were found, in
the form of 6d37s2 4P e3/2, 6d
27s27p 4Do3/2, and 6d
27s27p 4Do1/2, which are listed along with
previous results in Table I. Decay branching fractions and transition rates of the bound
states of anions are two key aspects for laser cooling. Table II lists the calculated transition
rates[38, 39], absorption line strengths[40], and branching fractions for upper levels lower
than and including 2So1/2 in Th
−, including the electric-dipole (E1), electric-quadrupole
(E2), magnetic-dipole (M1), and magnetic-quadrupole (M2) transitions. Details for the
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TABLE I. Measured and calculated excitation energies and lifetimes τ of excited states of Th−
states.
State
Measured Calculated
cm−1 meV cm−1 meV τ
6d37s2 4F e3/2 0 0
6d27s27p 4Go5/2 401 50 51.3 ms
6d37s2 4F e5/2 1657(6) 205.4(7) 1377 171 0.458 s
6d37s2 4F e7/2 2896(10) 359.1(12) 2642 328 8.08 ms
6d27s27p 4F o3/2 3033 376 15.9 ms
6d37s2 4F e9/2 3637 451 45.6 s
6d27s27p 2So1/2 4118.0(10) 510.57(12) 3904 484 85.5 ms
6d27s27p 4F o7/2 3974 493 138 ms
6d27s27p 4F o5/2 4618.1(10) 572.57(12) 3992 495 42.4 ms
6d37s2 4P e3/2 4284 531 274 ms
6d27s27p 4Do3/2 4445 551 180 ms
6d27s27p 4Do1/2 4592.6(10) 569.41(12) 4503 558 44.4 ms
calculations of all transitions are summarized in the Supplemental Material[41]. From our
results, we can deduce that the possible E1-allowed transitions in our scanning range are
from the ground state 4F e3/2 to the excited
2So1/2,
4F o5/2,
4Do3/2, and
4Do1/2. The line strength
for 4F e3/2 →4Do3/2 is 1.98× 10−2, one order of magnitude smaller than that of the other three
transitions. As expected, this transition was not observed in our experiments due to the
signal-to-noise limitation.
To further support the identification of the transitions responsible for the observed peaks,
we can use additional information provided by the final states of the photodetachment.
Figure 3 shows the resonant two-photon detachment photoelectron energy spectra of Th−
at the three observed resonant energies, where we use the same labels as in our earlier and
consistent one-step detachment experiment[21]. It is clear that the energy spectra acquired at
the three resonances are quite different. Using the selection rules of photodetachment[42], it
is clear that T1 can be assigned to the laser cooling transition 4F e3/2 → 2So1/2 unambiguously.
However, at the current stage, it is not possible to make definite identifications for T2 and
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TABLE II. Calculated transition energies, line strengths S, transition rates A, and branching
fraction of transitions except ones with an upper level higher than 2So1/2 in Th
−. Numbers in
brackets represent powers of 10. A full list can be found in the Supplemental Material[41].
Upper level Lower level S (a.u.)a A (s−1)
Branching
fraction
4Go5/2
4F e3/2 8.98[−1] 1.95[+1] 1
4F e5/2
4F e3/2 1.00[−1] 0.046
4Go5/2 6.63[−3] 2.08[+0] 0.954
4F e7/2
4F e3/2 1.44[−5] 1.16[−7]
4Go5/2 4.34[−2] 1.24[+2] 0.9994
4F e5/2 7.74[−2] 0.000 625
4F o3/2
4F e3/2 4.43[0] 6.26[+4] 0.9968
4Go5/2 2.58[−3] 4.10[−8]
4F e5/2 8.72[−2] 2.01[+2] 0.003 195
4F e7/2 1.96[−13] 3.13[−18]
4F e9/2
4Go5/2 9.62[−9] 4.38[−7]
4F e5/2 2.39[−6] 0.000 11
4F e7/2 2.19[−2] 0.999 89
2So1/2
4F e3/2 1.94[−1] 1.17[+4] 0.999 999 98
4Go5/2 1.72[−6] 1.47[−10]
4F e5/2 2.10[−9] 1.80[−13]
4F o3/2 2.32[−4] 1.98[−8]
a in atomic unit (a.u.), only electric-dipole (E1) transitions were considered.
T3, but a tentative assignment would be 4F e3/2 → 4F o5/2, and 4F e3/2 → 4Do1/2 for T2 and
T3, respectively, but it still needs further theoretical confirmation. See the Supplemental
Material[41] for the detailed assignment of observed peaks.
Figure 4 illustrates the relevant branchings of the cooling cycle. The weak transitions
with branching ratio less than 10−10 can of course be neglected. We can see that almost
100% of Th− 2So1/2 decay to the ground state directly, except a ratio of 1.47× 10−10 of Th−
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FIG. 3. High-Resolution two-photon photoelectron energy spectra and photoelectron images of
Th− at three observed resonances. The double arrow indicates the laser polarization. The peaks
labels are consistent with our previous work.
return to the ground state through 4Go5/2, and 1.97 × 10−8 through 4F o3/2. The lifetime of
4F o3/2 is 15.9 µs, so Th
− anions in 4F o3/2 can quickly decay back to the ground state.
4Go5/2
has a long lifetime of 51.3 ms. Decaying to this long-life metastable state will interrupt the
fast transition cycle. Therefore, 4Go5/2 is a dark state from the viewpoint of laser cooling.
Fortunately, this branching ratio is very small and clearly negligible. During the period
of laser cooling Th− from 10 K to Doppler temperature TD, only 0.0004% Th− end up in
this state. No repumping laser is required. Therefore, since Th− does not have hyperfine
structures, in principle only one laser with a wavelength λ = 2.4284 nm is required to realize
the laser cooling of Th−. The loss rate due to the photodetachment of the excited Th−
during the cooling period is estimated to be a few percent.
In summary, from a combination of experimental and theoretical works we have shown
that Th− is an excellent candidate for the laser cooling of anions, where the transition of laser
cooling is identified as 4F e3/2↔ 2So1/2. This cooling cycle is perfectly closed and the branching
ended up in a dark state during the cooling period is only 4 × 10−6 relative to the cooling
transition. In sharp contrast to La−, the zero nuclear spin of Th− can significantly reduce
the cost of the repumping laser system if the laser cooling takes place in a magnetic field.
This is an important advantage for sympathetically cooling antiprotons, where a Penning
trap is a more practical choice than a Paul trap to co-trap the anions and antiprotons.
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FIG. 4. The decay branches from the 2So1/2 excited state. The red arrow indicates the pumping
direction for laser cooling. Energies are not to scale. Thicknesses of blue arrows are indicative of
branching fractions, but not to scale.
Before conducting the laser cooling experiment, a determination of the absolute transition
rates, the photodetachment loss, and the resonant frequency of the cooling transition with
an accuracy of 10 MHz is required. We will experimentally address this question in the near
future.
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